Visualization of water behavior in a polymer electrolyte fuel cell was conducted by neutron radiography. Real-time video images and high-resolution still images were photographed with measurement of fuel cell performance. It was clearly visualized by real time imaging that water condensed in an air supply line was coming into a fuel cell. In this case the cell voltage decreased when water flowed into the cathode side. On the other hand, no effect of condensed water into the anode side was observed on the cell performance. In the high resolution still imaging, water amount was measured quantitatively. The water thickness was evaluated for the gas diffusion layer (GDL) covered by ribs and channel part with GDL separately. It was shown that the higher oxygen utilization, i.e. lower air flow rate, caused an increase of water amount and lowering of cell voltage. It can be said that water amount in the PEFC might strongly depend on airflow rate, and the cell voltage might be affected by the water amount.
Introduction
Water management in a polymer electrolyte fuel cell (PEFC) is very important to keep high efficiency power generation. A polymer electrolyte membrane in a PEFC must be kept wet for high proton conductivity. When the polymer membrane does not contain enough water, the proton conductivity decrease. Therefore, hydrogen gas and air should be supplied in moist condition. Since the air may become super-saturated by the fuel cell reaction, condensation may occur in the cathode side. Condensate in the electrode, gas diffusion layer (GDL), and gas supply channel may disturb gas supply to the reaction area. Researchers often meet a decrease in power generation efficiency has been guessed to be water. They estimate that one of the reasons is on the existence of condensate. However, the relation between condensate and cell voltage is not clearly shown. It is necessary to know when and where condensate is generated for each operating.
Visualization is one of the most effective methods to understand the phenomenon. Visualization studies on the water transfer using a transparent fuel cell were conducted by Liu, et al. (1) and Lister, et al. (2) . In this case, since the characteristics of electric conductivity and wettability of the channel wall may be different from a real cell, the fuel cell performance may be also different. Of course, condensate in the GDL cannot be visualized. Neutron radiography enables the visualization of water in a fuel cell, because attenuation of neutron beam is low for most of the fuel cell components, and is high for water. Previously, visualization experiments of PEFC by neutron radiography had been conducted in Paul Scherer Institute (PSI) (3) (4) (5) (6) (7) , National Institute of Standards and Technology (NIST) in USA (8) (9) (10) (11) (12) , and Penn. State University (13) (14) . In the experiments in PSI, a single cell was visualized perpendicularly to the membrane, and then 2D distributions of condensate were visualized. Though the effect of experimental condition, such as current density, heater position to maintain the fuel cell temperature, material of the separator and GDL, was considered, water amount in the GDL under ribs and channels was discussed on.
On the other hand, in the experiments in NIST, water gradient profiles in a thick membrane had been measured, and transient changes in 2D water distribution were shown. However, water amount in GDL was not treated in these papers. In this study, to investigate water transport phenomena in an operating PEFC, water behavior were visualized by neutron radiography with the cell voltage measurement. Especially, water amount in GDL covered by rib had been measured quantitatively. 
Tested fuel cell and experimental apparatus
A JARI standard cell shown in Figure 1 was visualized. The JARI standard fuel cell proposed by Japan Automobile Research Institute is widely used as a standard PEFC for performance testing.
The polymer electrolyte membrane is Nafion112. The electrode area was 25 cm 2 . The electrode catalyst was coated with about 0.5mg/cm 2 platinum on the both sides of the membrane. The GDL is carbon paper with 190 µm thickness and 78 % porosity. The separators are made by resin-impregnated carbon, and are 10 mm thickness. The electric collectors are gilded copper plates with 4mm thickness. The end plates were stainless steel plates with 10mm thickness. The bolts and nuts are made by stainless steel. The JARI standard cell was improved for visualization by neutron radiography. Some components of the standard cell were replaced to decrease neutron attenuation and radio-activation. Figure 2 shows the appearance of the visualization cell. The separator thickness was made thinner from 10 mm to 4 mm. The electric collectors and end plates were changed to gilded aluminum plates and aluminum plates with 12mm thickness, respectively. The bolts and nuts were changed to aluminum and titanium one, respectively. It was confirmed in an exploratory experiment that the visualization cell produced the same performance as the JARI standard cell. The I-V characteristic of the visualization cell was shown in Fig.3 . Hydrogen gas and air were humidified to the saturated moist condition in 80 degrees Celsius through a bubbler. The fuel cell temperature was maintained at 80 degrees Celsius by silicon rubber heaters. The size of the heaters was changed to fit for the visualization cell. Its heating capacity and area were same as that used in the JARI standard cell.
Figure 4 (a) shows the configuration gas supply channel. A single serpentine channel was cut on the resin-impregnated carbon separator. Both the channel width and depth were 1 mm. The rib width of between channels was both 1 mm. Figure 4 camera through a neutron image intensifier (NII). The channel and four gas in/out holes at corners in the image could be visualized well. Two kinds of imaging system were applied. A neutron image intensifier and a CCD camera system were used for real-time imaging with 30fps for dynamic behaviors. Video images with 640×480 image elements were digitized to 8bit intensity levels. The special resolution in measurement is equivalent to the size of visual field per each element, and the value was 152µm.
On the other hand, a cooled CCD camera was used for high-resolution imaging for quantitative measurement. In this case, a scintillation converter was used for conversion to visible image. Still images were obtained with an exposure time of 12 seconds, and were digitized to 16 bit intensity levels. The spatial resolution was 108 µm.
Number of pixels of the still images was 1024×1024 pixels. In order to measure the amount of condensate, a modified umbra method proposed by Takenaka et al. (15) was applied to the fuel cell visualization. A B 4 C stripe with 3mm width was used as a neutron absorber. Experiments were conducted by using thermal neutron radiography systems at B4 port in a research reactor of Kyoto University Research Reactor Institute (KURRI) and 7R port in a research reactor of JRR-3M of Japan Atomic Energy Agency (JAEA). Figure 5 shows the experimental setup in JAEA. The fuel cell was placed into the 2nd irradiation room. Air and nitrogen gas were supplied from cylinders. Hydrogen gas was supplied from a metal hydride tank placed outside of the irradiation room. The metal hydride tank was employed for the safety of hydrogen using in the nuclear reactor room. The purposes were to limit the amount of the hydrogen gas brought into the reactor. The capacity of hydrogen gas is about 200 litters. Even if the total amount of hydrogen is discharged into the irradiation room in accident, the hydrogen concentration does not reach the combustion limit of 4 %. Air and hydrogen were humidified through bubblers in control equipment, and then was supplied to the fuel cell, respectively. Temperature of the gas supply pipes was maintained by heaters at a prescribed temperature. Hydrogen gas exhausted from the fuel cell was diluted to below 4 % with nitrogen gas, and was exhausted by a ventilator. The safety of experiments was secured by installing hydrogen sensors and by ventilating in 1st and 2nd irradiation room. 
Neutron radiography

Neutron radiography is suitable visualization method for water in PEFC by using the characteristics of neutron rays. Figure 6 shows the mass attenuation coefficient of the various atoms by neutron rays and X-rays. The attenuation coefficients of neutron rays strongly depend on each element whereas the attenuation coefficients of X-rays increase with increasing atomic number. 
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A radio ray is attenuated exponentially in an object. Attenuated intensity through an object I is expressed as
where I 0 is the irradiated intensity, ρ, µ m and δ are the density, mass attenuation coefficient and thickness of the irradiated object, respectively.
Image processing
The brightness of neutron radiograph for the fuel cell was expressed as 
It is necessary for quantitative measurement to measure offset values in each image. Since the attenuation of neutron beam in water is by scattering and the offset in brightness is mainly caused by neutron scattering in object, it can be said that the offset value depends on the condition of the test cell. In this study, a B 4 C stripe was used as neutron absorber to measure offset value. Figure 7 shows an original image with B 4 C stripe. The vertical black lines show the B 4 C stripe. Both the width and interval of the stripe were 3 mm. Brightness of the image at the back of the B 4 C stripe shows scattered neutron from nearby visualized area and dark current in imaging system. The offset value at the visualized area was calculated by interpolation of Eq. (5).
where b is the width and interval of the B 4 C stripe. In order to evaluate water amount in the GDL at the place covered by rib precisely, water thickness in channel part and rib part was calculated individually as shown in Fig.7 . Each spatial average area was 1 mm to 3 mm. The detection resolution of water thickness was 8 µm. 
Results and discussion
Dynamic water behavior
A sudden drop in the cell voltage was observed during power generation in a constant current density of 160 mA/cm 2 . Oxygen and hydrogen utilization was 70% and 6%, respectively. The condition means the air flow rate of 227cc/min and hydrogen flow rate of 500 cc/min, respectively. To prevent water stagnation in the anode side, hydrogen supplied a lot. Figure 8 (a) shows a cell voltage fluctuation. The cell voltage was almost constant until 2338 sec after the start, and suddenly dropped at 2338 sec. After the voltage reached the minimum value, the voltage immediately recovered to a higher value before the drop. And then the voltage slowly decreased to 0.74V in steady state of cell voltage. Figures 8 (b) to (e) show the 2D distributions of water thickness at the time of (b) to (e) indicated in Fig.8 (a) , respectively. These images are processed images by Eq. (4) using dark current as the offset, and are 10 frames moving averaged one. In Fig.8 (b) , water was observed in places surrounded by broken lines when cell voltage was constant. In Fig.8 (c) at the sudden cell voltage drop, a large amount of water was observed in the channel area at the upper part. In the video image, it could be observed that water flowed into the PEFC with air, and then the water was flowing along the channel. In Fig.8 (d) , two short water plugs were observed at the lower part. Incoming water was almost discharged in Fig.8 (e) , the cell voltage recovered in steady state. It could be confirmed from the visualization that the sudden cell voltage drop during power generation was caused by an incoming water into the cathode with air. The reason why the cell voltage recovered to a higher value than before the drop might be caused by sweeping out condensed water in the fuel cell by incoming water.
On the other hand, incoming water into the anode side was also observed. [µm]
[µm]
[µm] rate. The cell voltage decreased with decreasing the air flow rate, i.e., increasing oxygen utilization. When the air flow rate increased to the value for the oxygen utilization of 10 %, the cell voltage recovered to almost the same value before the change in air flow rate. On the response of cell voltage to the air flow rate change, a time-delay was observed in decreasing air flow rate. However, the cell voltage immediately recovered in increasing the air flow rate. From the visualized images, average water thickness over the fuel cell was measured for the rib part and channel part separately. The obtained results are plotted in Figure 13 against oxygen utilization. The number of (a) to (e) shows the measurement timing indicated in Figure 10 . Water removing by an increase in air flow rate from (d) to (e) could be clearly shown. In the case that the oxygen utilization was less than 60 %, while water thickness in the rib part was almost constant, that in the channel part increased with an increase of oxygen utilization. Figures 11 (a) to (e) show 2D distributions of water in the GDL under ribs. These results are quantitatively measured values in µm. Figures 12 (a) to (e) show water distributions in the channel part. It can be seen from 2D distributions that gravity in out [µm] [µm]
water amount at the upper part near the air inlet tended to be larger than that at the lower part. It can be said that discharge of water became difficult due to the decrease of air flow rate. That is to say, water discharge capability depends on air flow rate. Actually, lower air flow rate is better for a reduction in energy consumption of system. On the other hand, since water existence may cause unevenness in air flow distribution for stack cell, it is necessary to examine the air flow condition to discharge water.
Conclusions
Water behaviors in an operating PEFC could be successfully visualized by neutron radiography. It can be confirmed from dynamic measurement that the cell voltage drop during power generation was caused by incoming water with air. From still measurement with high spatial resolution, water amount was quantitatively measured for the rib part and channel part separately. It was shown that decrease of air flow rate lead to increase of water amount and lowering in cell voltage. Water discharge in the PEFC depends on air flow rate.
